Concrete tunnel linings under service are subjected to the soil constraint of ground. The deformation characteristics and load-carrying capacity of tunnel linings are clearly varied with the soil constraint. Moreover, due to the soil constraint, the final failure is often dominated by the compressive behavior of concrete. Then for the adoption of a rational compressive model of concrete is considered to be very important for evaluating the structural performance of concrete tunnel linings. Based on this consideration, the effectiveness and efficiency of different compressive models, such as ideal elastic-plastic compressive model and parabolic compressive softening model, are discussed in this paper. It is pointed that parabolic compressive softening model with a consideration of compressive fracture energy is more appropriate to analyze the compressive behavior of concrete tunnel than ideal elastic-plastic compressive model.
Introduction
There are more and more concrete tunnels in modern highways and railways, but there exist some problems with these tunnels. , have been carried out to study the mechanism of tunnel deformation and the reinforcing effect of externally bonded fiber plastic sheets or steel plates, through which much valuable data have been obtained. However, the experimental method alone is still far from sufficiency. It is difficult to simulate some complicated cases. Hence, the analysis with some proper numerical models is becoming an indispensable tool. Some researchers have done effective work on numerical analysis of concrete tunnel, for example, Yin et al. (2001) simulated the crack behavior of concrete tunnel lining by smeared crack model (SCM) based on finite element code2). Actually tunnel linings in practical service sometimes are entirely or partially underground, such as tunnel through mountain, seabed or slope, and so on. In these cases, soil constraint which acts on tunnel cannot be neglected, and the deformation characteristics of tunnel linings with soil constraint are also different from those without soil constraint, the concrete tunnel lining may be subjected to compressive failure. At the same time, the study on the cracking behavior of concrete tunnel lining with soil constraint seems insufficient recent years, so some compressive models based on total strain will be discussed in this paper.
Compressive Failure Modes of Concrete Tunnel
Under practical engineering geological and loading conditions, there are three main compressive failure modes of concrete tunnel, which are called plastic compressive failure, relaxed compressive failure and deflective compressive failure respectively, as shown in Fig.1 . For example, there is a deflective load acted on tunnel when tunnel comes through slope, this loading condition will result in compressive failure, as shown in Fig.1 (c) .
From the numerical simulation result, it shows that the load-carrying capacity and deformation behavior of concrete tunnel would be overestimated, if the compressive yielding of concrete and compressive strain softening were not considered, as shown in Fig.2 . The experimental device, finite element numerical analytical model and detailed material parameters refer to the part of numerical simulation of this paper.
From the occurrence of compressive failure in practical concrete tunnel services as well as results from the numerical simulation, the compressive behavior of concrete should be considered. In this paper, the compressive models based on total strain will be discussed. In compression part, two models are discussed . One is the ideal elastic-plastic compressive model based on total strain, in which the compressive stress keeps constant after the compressive strength f'c is achieved . The other model, called parabolic compressive softening model, consider the compression strain softening as shown in Fig.3 . For concrete in the direction of the largest principal compressive strain (£3), in case of parabolic compressive softening the stress-strain relation used is (1) where (2) sensitivity will be still discussed in this paper.
Tensile Behavior for Concrete
In tension part, the conventional linear softening stress-strain relation is adopted, as shown in Fig.4 . The cracking behavior based on total strain treated cracked concrete as an orthotropic path-independent material based on a smeared, rotating crack model4). Conditions of equilibrium and compatibility were treated in terms of average stresses and average strains.
Local stress conditions at crack locations were also considered.
Fig.4 Concrete in tension
For concrete in the direction of the principal tensile strain (61), prior to concrete cracking, a linear relation is used (3) where (4) and ft is concrete tensile strength. After cracking, in case of linear tensile softening the decaying function (5) Where the transformation matrix T is given (Cook 1981) by
The direction cosines l, m, n define the direction of the principal concrete strains.
Experimental Review5)
In vertically at the outside crown, which is transferred by a steel bolt from the oil pressure load machine to the tunnel lining specimen.
Numerical Simulation
Based on the experiments, finite element analysis is performed using DIANA 8.1, focusing on the selection of proper compressive models. Concrete tunnel lining is discretized by plane stress elements as shown in Fig.6 . strain is applied, while the tension behavior of concrete is regarded as elasticity. model is adopted, it is found that the load-carrying capacity is also mesh-dependent, as shown in Fig.11 . 1-node concentrated force is illustrated in Fig.6 .
As a special notice, the acting range of 3-node loading, which applies to the Mesh8_tunnel, Mesh10 _tunnel and Mesh12_tunnel, is kept same.
Actually, the external force that is applied by 3-node loading, namely, is distributed load. But the acting range of 5-node loading is larger than that of 3-node loading, as shown in Fig.6 . Fig.11 Mesh sensitivity of ideal elastic-plastic compressive model on concrete tunnel
(1-node concentrated force)
By changing loading pattern from 1-node concentrated force to 3-node distributed load, the mesh sensitivity of concrete tunnel simulated with ideal elastic-plastic compressive model would be avoided. The load and displacement relation is given in Fig.12 . In Fig.13 the load-carrying capacity of concrete is different when the range of applied distributed load is not coincident. The load-carrying capacity which is obtained from 1-node concentrated force is not proper, because the excessive element deformation results in the numerical computation crash before the yielding compressive region comes into being stably, as shown in In Fig.14 , the compressive yielding region in case of 5-node loading is larger than that in case of 3-node loading, and this makes the load-carrying capacity with 5-node loading higher.
Parabolic compressive softening model
In Fig.15 and Fig.16 , 'A' means that the first crack occurred in the crown (inside) followed by '13' which are outside cracks at the sidewalls. The structural deformation increased immensely after the crack occurred at the inside of crown. But the concrete tunnel lining could still resist the external load until the concrete crushing happened at the top of the tunnel. The numerical simulation results of load-displacement relationship that compared with the experimental one in Fig.12 and Fig.15 , shows that the ideal elastic-plastic compressive model has the highest peak load while the lower ones are obtained by using the parabolic compressive softening model. Compared with the experimental result, the ideal elastic-plastic compressive model seems to overestimate the load-carrying capacity of the concrete tunnel lining as well as deformation capacity, although it is better than elastic non-compressive models for analyzing concrete tunnel with soil constraint, but the parabolic compressive softening model approaches the test most. Hence, the parabolic softening model for compression is considered to be a proper model.
(1) Effect of compressive fracture energy Many researchers have considered the compressive fracture energy, Gc, as a material property. But due to the lack of information of this property, herein, cases with compressive fracture energy Gc = 2.0, 4.0, 6.0, 1000000.0N/mm are studied.
The concrete compressive strength is kept constant, as f' c= 22.0 MPa.
In Fig.18 the higher the compressive fracture energy is taken, the higher structural strength can be archived.
Based on Fig.3 when compressive fracture energy's value of parabolic compressive model is up to infinite and compressive strength of these two models keeps same, in theory it can be concluded that the numerical analytical results simulated by parabolic compressive model is the same as that simulated by ideal elastic-plastic compressive model, as shown in Fig.19 . By considering different compressive models based on total strain, some numerical simulations have been done to investigate the cracking and crushing behavior of 1/30 scale model of concrete tunnel lining. From the cases studies in several aspects it can be concluded that:
(1) The soil constraint outside concrete tunnel plays an important role in controlling the deformation of concrete as well as the crack propagation. Under certain soil constraint, tensile cracking is not a dominated failure mode. The final failure will be d epend on the compressive behavior of concrete.
(2) For a rational compressive concrete model, it needs to evaluate the load-carrying capacity of tunnel linings and compressive behavior of concrete correctly. It is shown that parabolic compressive softening model by considering the compressive fracture energy is more appropriate to simulate the compressive behavior of concrete tunnel than ideal elastic-plastic compressive model through the numerical analysis and comparison with experimental results.
(3) Mesh dependence is obvious from the compressive strain, in this paper by changing the loading pattern from concentrated load to distributed load on a small range, mesh sensitivity would be avoided. At the same time, during the numerical simulation analysis the distributed load acting on a small range is more accordant with the actual experimental loading condition.
(4) The parameter studies of concrete compressive fracture energy shows that the compressive fracture energy affects the structural strength. The higher the compressive fracture energy is given, the higher structural strength can be archived.
